The proper function of cardiac muscle requires the precise assembly and interactions of numerous cytoskeletal and regulatory proteins into specialized structures that orchestrate contraction and force transmission. Evidence suggests that posttranscriptional regulation is critical for muscle function, but the mechanisms involved remain understudied.
P roper contraction of striated muscle requires strict assembly and coordination of its unique cytoskeletal components including sarcomeres, 1 costameres, 2,3 and specialized membrane junctional complexes. 4 The mechanisms by which muscle cells precisely orchestrate the formation of these inherently dynamic and specialized cytoskeletal structures remain uncertain. In this study, we used a combined molecular and genetic approach centered on the RNA binding protein fragile X mental retardation, autosomal homolog 1 (FXR1) to investigate the role(s) of RNA regulation in cardiac muscle assembly. FXR1 is a member of the fragile X (FraX) family of RNA-binding proteins, which has been implicated in several aspects of RNA regulation including mRNA transport, stability, and translation. [5] [6] [7] The majority of studies to date have focused on the fragile X mental retardation protein (FMRP) because of its linkage to fragile X syndrome, the most common form of inherited mental retardation and autism. 8 Biochemical experiments indicate that all FraX protein family members associate with ribonuclear protein particles (RNPs) and actively translating polyribosomes, 9 -12 which is consistent with the ability of these RNA-binding proteins to regulate translation of their mRNA targets. In vitro studies show that the FraX proteins possess both common and unique RNA binding properties, 13, 14 suggesting that the FraX family members have distinct RNA targets and thus exert different functional roles. This prediction is further substantiated by the observation that while the FraX proteins exhibit overlapping expression patterns in the nervous system, 15, 16 they have unique tissue distributions outside the brain. FXR1 is the only FraX protein with robust expression in cardiac and skeletal muscle 17 ; to date, its mRNA targets and molecular mechanisms have not been reported in these tissues.
Elimination of Fxr1 leads to perinatal lethality in mice, and reduction of FXR1 protein levels by morpholino treatment causes muscular dystrophy and cardiomyopathy in zebrafish. 18, 19 In addition, FXR1 expression is altered in myoblasts from patients with facioscapulohumeral muscular dystrophy, suggesting that FXR1 may also play a role in human muscle disease. 20 Despite the obvious importance of FXR1 in striated muscle development and disease, the functional role of the protein and the identity of mRNA targets in muscle remain unknown.
To elucidate the function of FXR1 and to identify its mRNA targets in the heart, we examined the ultrastructure of cardiac muscle at embryonic day 18.5 (E18.5) in Fxr1 knock-out (KO) mice. We found that the ultrastructure and protein composition of the desmosomes and costameres, as well as sarcomere architecture are markedly altered in Fxr1 KO mice. Using antibodies to FXR1-containing complexes, we performed RNA-immunoprecipitations (RNA-IPs) and identified candidate targets, desmoplakin (dsp) and talin2 (tln2) mRNAs, whose cognate proteins localize to the desmosomes and costameres, respectively. We determined that FXR1 binds dsp and tln2 mRNAs directly and negatively regulates their translation. These results constitute the first report of mRNA targets for FXR1 in striated muscle and indicate that FXR1 functions as an essential regulator for correct levels of protein expression at desmosomes and costameres in the developing heart.
Methods
An expanded Methods section is available in the Online Data Supplement available at http://circes.ahajournals.org and provides details for many of the methods described here, plus materials, animals, microscopy, Western blots, and antibodies used in this study.
Fluorescence in Situ Hybridization (FISH)
Talin2 (tln2) mRNA was localized in situ on frozen sections of E18.5 hearts using a protocol adapted from Mankodi et al. 21 Frozen sections were fixed and stained with anti-␣-actinin antibodies (1:10,000, Sigma, St. Louis, MO) followed by goat antimouse Texas Red antibodies (1:600) (Jackson ImmunoResearch Laboratories, West Grove, PA). RNA hybridization was performed with the tln2 antisense probe for 3 hours at 37°C in hybridization buffer (30% formamide, 2ϫ SSC, 0.02% BSA, 66 g/mL yeast tRNA, 2 mmol/L vanadyl complex). The DIG-labeled probe was detected using FITC-conjugated anti-DIG antibodies (1:400) (Roche, Indianapolis, IN), followed by Alexafluor-488 conjugated anti-FITC antibodies (1:800) (Jackson ImmunoResearch Laboratories). Samples were imaged on a DeltaVision Deconvolution microscope. Details of the tln2 probe are provided in the On-Line Supplemental Data.
RNA-Immunoprecipitations (RNA-IP)
FXR1 RNA-IPs were performed according to the protocol described in Brown et al 22 with slight modifications. Tissue was ground over liquid N 2 then suspended in 2 mL IP buffer/heart. Lysates were added to protein A beads with either 10 g of affinity-purified rabbit anti-FXR1 antibodies, or the antibodies precompeted with 10 molar excess of antigenic peptide and immunoprecipitated at 4°C for 3 hours. Complexes on beads were washed 3 times with IP buffer and then 3 times with IP buffer plus 1 mol/L urea to decrease secondary protein interactions. 23 The samples were resuspended in 100 L nuclease-free water: 20% for protein analysis and 80% for RNA extraction. RNA was quantified and normalized from all samples, which was then used in candidate real-time PCR to identify enrichment of target mRNAs.
Real-Time PCR
The cDNA was generated from RNA isolated from whole hearts for assessment of total transcript levels, or from RNA-IP experiments and used as template in real-time PCR using SYBR green chemistry (Fermentas, Glen Burnie, MD). Primers to candidate genes are listed in Online Table I . A housekeeping gene (Odc1) was used to normalize loading for total transcript studies. Primer efficiencies were validated to be within 5% of the housekeeping gene primers so that alterations in total mRNA levels could be assessed by using the 2 Ϫ⌬⌬CT method. 24 Cell Culture and Luciferase Assays COS-7 cells were maintained according to ATCC guidelines and cotransfected with FLAG-Fxr1 (the longest muscle isoform e) and pmirGLO dual luciferase vector containing a multicloning site in the 3ЈUTR of firefly luciferase (Promega, Fitchburg, WI). The multicloning site downstream of luciferase was cloned to contain ␤-2-microglobulin (negative control), the open reading frame of FXR1, or the 3ЈUTRs of dsp and tln2 (see Online Figure  I for schematic of cloning strategies). Transfected cells were allowed 48 hours to express exogenous proteins before luciferase assays were performed following the manufacturer's instructions (Promega). Six independent luciferase assays were performed in technical triplicate.
Direct RNA-Protein Binding Assays
The 3ЈUTR of dsp and tln2 mRNAs and full-length ␤2-microglobulin (negative control) were in vitro transcribed and labeled with biotin (Epicenter Biotechnologies, Madison, WI). Recombinant FXR1 was expressed and purified from bacteria following published protocols. 25 Approximately 40 pmol biotin-RNA was immobilized on streptavadin beads (Invitrogen, Carlsbad, CA), incubated with recombinant FXR1 (Ϸ40 ng) and washed under published buffer conditions. 26 A positive interaction was detected by probing a Western blot for the presence of recombinant FXR1 after the RNA-protein mixture was run on 7.5% SDS-PAGE and transferred to nitrocellulose.
Statistics
A paired Student t test was used to determine significance for quantitative Western and luciferase assays. An a priori power analysis was conducted using preliminary data collected for luciferase assays to determine the sample size required. A threshold for noteworthy changes in total mRNA levels assessed by real-time PCR was set at a 2-fold change using the 2ˆ( Ϫ⌬⌬CT) method. 24 
Results

Desmosome Architecture Is Disrupted in Hearts Lacking FXR1
To better understand the basis of the perinatal lethality of Fxr1 KO mice, we isolated hearts at E18.5 and evaluated them by electron microscopy. Wild-type hearts exhibit desmosomes containing characteristic dense inner plaques, consisting of intermediate filaments, which are tethered to the membrane via desmoplakin. In contrast, desmosomes in Fxr1 KO hearts have inner dense plaques that are less defined, extend less into the cell, with intermediate filaments appearing incompletely attached to the desmosomal membranes ( Figure 1 ). Furthermore, the long face of the desmosomal junctions is on average Ϸ27% longer in the Fxr1 KO hearts than in the wild-type hearts (210.96Ϯ68.64 nm [Nϭ41] versus 165.95Ϯ45.89 nm [Nϭ33], respectively [PϽ0.05]). The lengthening of the desmosome junction in Fxr1 KOs is consistent with a decrease in intermediate filaments ( Figure  1CЈ and 1DЈ). These data indicate that desmosome architecture is altered in mice deficient for FXR1.
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Loss of FXR1 Leads to Defects in Sarcomere Structure and Lateral Adherence of Myofibrils
Further analyses of the Fxr1 KO heart showed striking alterations in myofibril architecture by electron and immunofluorescence deconvolution microscopy. Wild-type hearts exhibit mature, narrow, evenly spaced Z discs, as well as myofibrils that are laterally aligned and tightly bundled (Figure 2A and 2D). In contrast, the Fxr1 KO hearts display areas containing sarcomeres of shortened length (averaging 1.31Ϯ0.40 m [Nϭ240], in comparison with 1.68Ϯ0.18 m [Nϭ150] in wild-type hearts [ Figure 2 ]). Although the measured sarcomere lengths appear shorter than the reported working range of sarcomere lengths (Ϸ1.7 to 2.2 m as described by Page 27 and reviewed by Allen et al 28 ) , it is important to note that the animal hearts were not prepared under relaxing conditions. Furthermore, in the areas of altered sarcomeric spacing, the myofibrils appear to "splay out" and lose their lateral connections ( Figure 2C ). These phenomena were also observed at the ultrastructural level, at which the Fxr1 KO mice show widened Z discs, inconsistent sarcomere lengths ( Figure 2E ), and "curving" of myofibrils as they lose lateral contact with their neighbors ( Figure 2F ). Wild-type hearts, conversely, exhibit well-ordered and spaced sarcomeres with narrow Z discs, well-aligned filaments, and highly distinguishable I-and A-bands ( Figure 2D ). When sections of the entire Fxr1 KO heart were visualized by light microscopy, large regions of disrupted tissue were interspersed among areas in which the architecture looked comparable to that of the wild-type mouse heart, creating a mosaiclike appearance ( Figure 2B ). Together, the morphological analyses of Fxr1 KO hearts are consistent with defects in development of the costamere, a specialized cytoskeletal assembly known to function in lateral alignment of myofibrils and sarcomeric spacing during early myofibrillogenesis. 2, 29 
Desmoplakin and Talin2 mRNAs Are Enriched in the FXR1 Protein Complex
On the basis of the prominent structural alterations observed in the Fxr1 KO hearts, we sought to determine whether mRNAs encoding any major cell junction or costamere proteins might be targets of FXR1 regulation. As a first step, we used an antibody against FXR1 to isolate FXR1 protein-RNA complexes (RNA-IPs) from wild-type mouse hearts ( Figure 3A ). To determine specificity, we precompeted the FXR1 antibody with antigenic peptide before addition of the heart extract. To identify mRNAs associated with FXR1, we took a candidate qPCR approach using primers designed to detect transcripts whose cognate proteins are known to localize at costameres and desmosomes. Transcripts were considered to be associated with the FXR1 protein and pursued for further study if they were reproducibly enriched in the FXR1 RNA-IP by Ͼ2-fold over input RNA and the negative control IP.
Of the candidate mRNA targets tested, only dsp and tln2 transcripts are reproducibly enriched in the FXR1 RNA-IPs (7.3-fold and 13.1-fold, respectively) ( Figure 3B ). Additional candidates tested included dystrophin (dmd) and vinculin (vcl), whose cognate proteins were shown to be mislocalized in the heart muscle of Fxr1 KO animals, 18, 19 as well as other cell junction mRNAs such as desmin (des), vimentin (vim), integrin-␣6 (itga6), integrin-␤1 (itgb1), and N-cadherin (cdh2) ( Figure 3B ). In addition, Fxr1 mRNA itself is enriched in the RNA-IP in relation to controls (6.8-fold), suggesting that FXR1 may regulate its own expression ( Figure 3B ). The identification of dsp and tln2 mRNA transcripts associated with FXR1 protein in striated muscle is remarkably consistent with the disrupted desmosomes and costameres observed in Fxr1 KO hearts (Figures 1 and 2 ).
Loss of FXR1 in the Heart Leads to Changes in Desmoplakin, Talin2, and Intermediate Filament Protein Levels
To determine the molecular mechanisms by which FXR1 may control the expression of dsp and tln2 mRNAs, we carried out Western blots and examined the levels of desmoplakin and talin2 proteins in E18.5 Fxr1 KO hearts. Densitometric analysis revealed a reproducible, significant increase in protein levels of desmoplakin (76.3%, PϽ0.05) and talin2 (117.3%, PϽ0.05) in Fxr1 KO in comparison with wild-type hearts ( Figure 4A and 4B).
Because of the clear reduction in observable inner dense plaques at desmosomes in the Fxr1 KO hearts, we also analyzed the levels of the 2 most abundant intermediate filament proteins in striated muscle, desmin, and vimentin. Even though their mRNAs were not enriched in the FXR1 complex ( Figure 3B ), desmin and vimentin protein levels were significantly decreased in Fxr1 KO hearts to Ϸ67% and Ϸ63% of wild-type levels, respectively (PϽ0.05) ( Figure 4D and 4E). These results are consistent with the scarcity of intermediate filaments at the desmosome (Figure 1 ).
Next, we asked whether alterations in the protein levels of the FXR1 targets desmoplakin and talin2 were due to effects on the steady state transcript levels in the Fxr1 KO mouse hearts. Additionally, we investigated steady state levels of nontarget molecules, desmin and vimentin. Quantitative realtime PCR showed no changes in total transcript levels of dsp, tln2, des, or vim mRNAs ( Figure 4C and 4F) . Thus, our findings indicate that the substantial alterations in protein composition of the desmosome and costamere in Fxr1 KO hearts is likely due to a posttranscriptional mechanism. Given our RNA-IP results (Figure 3 ), our data suggest that FXR1 directly regulates the expression of desmoplakin and talin2, whereas the down-regulation of desmin and vimentin proteins is likely an indirect consequence of FXR1 loss in the heart. These results underscore the importance of our combined molecular and genetic approach that can distinguish between FXR1 direct targets and indirect phenotypic effects that are likely due to alterations in the stoichiometry of junctional protein complexes.
Talin2 Localization Expands Beyond the Typical Region of the Costamere in Fxr1 KO Hearts
Identification of dsp and tln2 mRNA as candidate targets of FXR1, coupled with their increased protein levels prompted us to investigate the localization of these proteins in Fxr1 KO hearts. The analysis was carried out using immunofluorescence deconvolution microscopy because it is difficult (if not impossible) to analyze costameres by thin section transmission electron microscopy. Talin associates with the integrin receptor complex at the costamere and links the myofibrils to the surrounding extracellular matrix. In wild-type hearts, talin2 protein is localized in a characteristic striated pattern with obvious punctate accumulation at the lateral edges of the myofibrils (localizing over the Z disc), which is representative of costameric localization ( Figure 5A and 5C ). Because of the mosaic-like appearance of the myofibril phenotypes recognized by light microscopy in the Fxr1 KO hearts ( Figure   2 ), talin2 localization was assessed both in areas more similar to wild type ( Figure 5D ) and in areas that demonstrate disruption ( Figure 5G ). Interestingly, talin2 protein was rarely confined to the punctate costameric localization in the Fxr1 KO hearts, such that the overall staining was dispersed along the membrane. These data are consistent with the increased talin2 protein levels found in the Fxr1 KO hearts (Figure 4 ). Unregulated protein expression and mislocalization of talin2 in the Fxr1 KO hearts is consistent with the hypothesis that FXR1 is required for development and maintenance of the costamere and is supported by previous reports of the mislocalization of the costameric proteins dystrophin and vinculin in the KO mice. 18 Notably, at this developmental time point (E18.5), desmoplakin protein does not exhibit a clear localization pattern in wild-type hearts; therefore comparison to Fxr1 KOs was not informative (Online Figure II) .
Loss of FXR1 Does Not Perturb tln2 mRNA Localization
The altered localization of talin2 protein led us to investigate the possibility that this phenotype is caused by defects in the localization of its mRNA (tln2). One possibility is that in the absence of FXR1, tln2 mRNA may be mislocalized and undergo unrestricted protein synthesis (as suggested by the increased total talin2 protein levels, Figure 4 ). To test this possibility, we performed fluorescence in situ hybridization (FISH) to compare the localization of tln2 mRNA on frozen tissue sections of wild-type and Fxr1 KO hearts. In wild-type hearts, tln2 mRNA localizes to puncta among the myofibrils (see inset Figure 6A and 6C). There were no notable differences in localization of tln2 mRNA in the Fxr1 KO hearts ( Figure 6D and 6F). The positive tln2 mRNA signal was lost when using no probe controls (Figure 6G and 6I) and by pretreating samples with RNase (data not shown). These data indicate that the expanded protein localization of talin2 observed in the Fxr1 KO hearts ( Figure 5) is not due to altered tln2 mRNA localization and suggest a model in which FXR1 regulates tln2 mRNA expression in the heart by controlling its translation, as has been described in nonmuscle systems. 30
FXR1 Binds dsp and tln2 mRNAs and Represses Their Translation in Vitro
The observation that protein levels of desmoplakin and talin2 are upregulated with no corresponding changes in total mRNA transcript levels (Figure 4) or localization in the Fxr1 KO hearts ( Figure 6 ) led us to hypothesize that FXR1 acts as a negative regulator of translation for dsp and tln2 mRNAs. To test this, we used dual luciferase assays in which the 3Ј UTRs of dsp or tln2 were inserted downstream of a Firefly luciferase reporter (pmirGLO) and cotransfected into COS-7 cells with FLAG-FXR1. Transfection efficiency and cell viability were monitored using Renilla luciferase, and data are reported as Firefly:Renilla ratios for each experimental sample. Figure 7A shows that FXR1 represses the translation of luciferase constructs containing dsp and tln2 3ЈUTRs, in comparison with the negative control, ␤2-microglobulin (whose RNA is not enriched in the FXR1 protein complex ( Figure 3B ). Luciferase activity was dramatically reduced by Ϸ47% and Ϸ43% from control levels by the 3Ј UTRs of dsp or tln2, respectively (PϽ0.01). Because Fxr1 mRNA was identified in the FXR1 protein complex ( Figure 3B ), we also tested the ability of FXR1 to regulate the translation of its own mRNA. On the basis of previously published work, which showed that FMRP binds to its own mRNA within the open reading frame (ORF), 26 we inserted the ORF of FXR1 into our luciferase reporter to determine whether FXR1 is also capable of autoregulation. Indeed, we found that FXR1 protein is capable of repressing the translation of its own mRNA by Ϸ68% from control levels ( Figure 7A ), suggesting that this function is conserved among the FraX protein family. (N2A, red) . In wild-type (WT) hearts (A-C), talin is found in distinct puncta at costameres near the cell membrane (A, insert). Staining for talin in KO hearts in regions where the sarcomeric architecture looks similar to that of the WT (D-F) displays continuous staining along the length of the membrane in addition to occasional puncta in register with titin (white arrows). Talin localization in disrupted areas (G-I) exhibits staining in gaps lacking titin staining (asterisks). Barϭ15 m.
Next, we tested the ability of FXR1 to bind the 3ЈUTR of dsp and tln2 mRNAs directly, as suggested by the dualluciferase assays. To this end, the 3ЈUTRs of dsp and tln2 were in vitro transcribed, labeled with biotin, and incubated with purified recombinant FXR1. Figure 7B illustrates that FXR1 protein binds directly to the 3ЈUTR of dsp and tln2 but not to the ␤2-microglobulin negative control RNA. Because the steady state levels of dsp and tln2 mRNA were not significantly different in Fxr1 KO versus wild-type hearts ( Figure 4C and 4F) , our results suggest that FXR1 negatively regulates translation through direct binding to the 3ЈUTRs of target mRNAs, dsp, and tln2 ( Figure 7A ).
Discussion
Striated muscle has several well-documented requirements for posttranscriptional gene regulation from de novo assembly to protein turnover, contractile regulation and signaling events required for heart development, maintenance, and disease (for a review, see Clark et al 1 ). Although many architectural players and accessory molecules in striated muscle have been identified, the mechanisms and requirements of posttranscriptional gene regulation involving RNAbinding proteins remain understudied. In this investigation we sought to identify specific mRNA targets and the molecular mechanisms of FXR1, the sole member of the FraX family proteins expressed in striated muscle.
We report the identification of dsp and tln2 as mRNA targets of FXR1 in the heart. We show that FXR1 can directly bind the 3ЈUTR of dsp and tln2 mRNAs and repress their translation. Consequently, desmoplakin and talin2 proteins are significantly upregulated in the developing Fxr1 KO heart. In addition, select components of the desmosome complexes are altered in Fxr1 KO hearts, likely due to effects on the stoichiometry of these macromolecular complexes. Thus, we report direct FXR1-dependent mechanisms by which cytoskeletal assemblies are controlled specifically, via translational regulation of desmoplakin and talin2 mRNAs in cardiac muscle. Figure 6 . Localization of tln2 mRNA is not affected by the loss of FXR1. Sections of E18.5 hearts from wild-type (WT) and knock-out (KO) mice were probed for tln2 mRNA by fluorescence in situ hybridization (FISH) (green). Hearts were costained for ␣-actinin (red). In WT (A-C) and KO (D-F) hearts, tln2 mRNA localizes in discreet puncta among the myofibrils, relating closely with (arrows) and between (asterisks) Z discs. Specificity of the tln2 mRNA signal is shown in panels G-I via a no probe control from WT tissue. Barϭ10 m.
Examination of the KO mouse hearts by electron microscopy revealed altered desmosome architecture with an obvious reduction of the inner dense plaque in which the intermediate filaments join the desmosome (via desmoplakin). Mechanistically, the perinatal lethality described in the Fxr1 null mice could be attributed to sudden cardiac arrest due to the dysregulation of desmoplakin, a molecule that has been implicated in proper cardiac function as well as subsequent junctional protein composition and structural alterations. 31 Mutations or truncations in desmoplakin have been linked to several human diseases including ventricular arrhythmias and cardiomyopathy (eg, Carvajal syndrome, Naxos disease, and arrhythmogenic right ventricular dysplasia/cardiomyopathy). [32] [33] [34] Previous studies showed that overexpression of N-terminal desmoplakin, which lacks the intermediate filament binding sites, results in displacement of intermediate filaments from the desmosome, 35 which is remarkably similar to our observations in Fxr1 KO hearts. Although loss of FXR1 leads to the up-regulation of full-length desmoplakin protein, we speculate that this increase in levels may disrupt the stoichiometry of junctional complexes leading to the observed reduction of inner dense plaques at the desmosome. Quantification of the abundant striated muscle intermediate filament proteins, desmin and vimentin, by Western blot analyses indicated Ϸ32% and Ϸ 37% reductions in their levels, respectively. Because des and vim mRNAs do not appear to associate with the FXR1 complex, it is likely that the reduction in the intermediate filament protein levels is a secondary outcome due to increased desmoplakin translation in the absence of FXR1. It is possible that the increased translation of desmoplakin may act in a dominant negative manner to displace intermediate filaments from the desmosome (as in Bornslaeger et al, 35 ) or upset the delicate stoichiometry of desmosomal components, resulting in desmosome remodeling.
The initial characterization of the Fxr1 KO mice revealed severe disarray of the musculature. 18 Specific proteins of the costamere such as dystrophin, ␣-actinin, and vinculin were reported to have altered localization in the Fxr1 KO mice, yet the molecular mechanism underlying these alterations remained unknown. In this study, both light and electron microscopy revealed defects in costamere structure, and we identified tln2 as an mRNA target of FXR1 but not dystro-phin (dmd), ␣-actinin (actn2), or vinculin (vcl). Talin is a large (Ϸ250 kDa) protein located at cell-matrix contacts that functions to link integrin receptors to the actin cytoskeleton via interactions with vinculin and ␣-actinin. There are 2 talin genes (tln1 and tln2), with tln2 being highly expressed in cardiac muscle. 36 The absence of dmd, actn2, and vcl in the FXR1 complex strongly suggests that, mechanistically, upregulation of talin2 protein in the KO heart is the primary cause of the costamere defects and that mislocalization of other costameric proteins is a secondary effect. 18 Functionally, the role of talin2 in cardiac muscle is not clearly understood because only the skeletal muscle was characterized in the tln2 KO. 37 Ablation of talin2 results in defective myoblast fusion and sarcomere formation of skeletal muscle. 37 Because the normal functions of talin2 are to modulate the ligand-binding activity of integrins and integrate signaling pathways, 38 alterations in talin2 localization or levels in the Fxr1 KO may disrupt integrin signaling and subsequent interactions with either the extracellular matrix or the cortical actin cytoskeleton. Evidence for a phenotypic consequence of talin up-regulation has been demonstrated by overexpression of the N-terminus of talin, which acts as a dominant negative by stimulating integrin receptors via inside-out signaling. 39 FXR1 was previously proposed to play a role in costamere development on the basis of its localization adjacent to vinculin and dystrophin at the myoseptum of zebrafish 40 and on phenotypic findings in Xenopus, zebrafish, and mouse. 18,19,41, Although these studies clearly demonstrated the importance of FXR1 in striated muscle, 18, 19, 41 the localization of talin, protein levels of other costameric components (beyond dystrophin, ␣-actinin, and vinculin), and the ability of FXR1 to directly control their expression were not assessed. Our combined molecular and genetic approach distinguishes between direct and indirect mRNA targets and significantly extends previous studies.
It is possible that FXR1 may control dsp, tln2, and other mRNA targets at different times throughout development. Our results show that at E18.5, before lethality occurs in the KO, FXR1 acts as a negative regulator of translation for desmoplakin and talin2. In addition, our results are the first to demonstrate specific interactions between FXR1 and its own transcript and to demonstrate that inhibition of Fxr1 translation is mediated, at least in part, through sequences located in Figure 7 . FXR1 directly binds and represses the translation of dsp and tln2 mRNAs in vitro. A, Data from dual reporter luciferase assays in COS-7 cells (Nϭ6). Firefly luciferase containing beta-2 microglobulin in the 3ЈUTR serves as control RNA that is not translationally repressed by FXR1. When the luciferase reporter contains the Fxr1 open reading frame (ORF), the dsp 3ЈUTR or the tln2 3ЈUTR, average luciferase activity is repressed to 31.6%, 53.1%, and 56.7%, respectively (*PϽ0.01, mean Ϯ SD). B, Direct protein-RNA binding experiments show recombinant FXR1 binds biotin-dsp 3ЈUTR, and biotin-tln2 3ЈUTR RNA, but not biotin-beta-2 microglubulin 3ЈUTR (as detected by probing Western blots for FXR1, after incubation with immobilized biotin-RNA).
the coding region. Although we cannot exclude the possibility that other structural components may be directly regulated by FXR1 earlier in development, the up-regulation of desmoplakin and talin2 proteins at E18.5 provide an explanation for alterations (desmosome and costameric assemblies) detected in the mutant heart.
In summary, our findings on FXR1, its novel target mRNAs, and the mechanism by which FXR1 regulates their expression and localization provide a foundation for the study of RNA-based mechanisms of muscle biology and disease. Taking into account descriptions of FXR1's documented association with ribonuclear protein particles (RNPs) and actively translating polyribosomes 12, 42 and the family member FMRP associating with Ϸ4% of all brain mRNAs, 43 it is likely that FXR1 interacts with several transcripts in striated muscle in addition to dsp and tln2 mRNAs. There have been no reports yet of FXR1 mutations or truncations associated with human disease. There is, however, precedent for RNAbinding proteins being linked to dilated cardiomyopathy, because mutations in Rbm20, a protein involved in RNA splicing, have recently been reported. 44, 45 Given the importance of FXR1 in cardiac development, it will be important in the future to determine whether FXR1 may play a role in the etiology of human heart disease. To our knowledge, the results presented in this study are the first to directly relate an RNA-binding protein to translational repression of specific targets in cardiac muscle. Our work, combined with other descriptions of RNA-binding proteins in striated muscle, 46 -48 provide a scenario whereby muscle function and development are governed by the interplay of posttranscriptional RNA regulation, including transcript localization, splicing, transcript stability, and translational control.
